
JOURNAL OF CLINICAL MICROBIOLOGY, Dec. 2009, p. 4006–4020 Vol. 47, No. 12
0095-1137/09/$12.00 doi:10.1128/JCM.01270-09
Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Polymorphic Exact Tandem Repeat A (PETRA): a Newly Defined
Lineage of Mycobacterium tuberculosis in Israel Originating

Predominantly in Sub-Saharan Africa�

Paul J. Freidlin,1* Drora Goldblatt,1 Hasia Kaidar-Shwartz,1 and Efrat Rorman2

National Mycobacterium Reference Laboratory,1 National Public Health Laboratory,2 Ministry of Health, Tel-Aviv, Israel

Received 29 June 2009/Returned for modification 7 September 2009/Accepted 11 October 2009

As part of the Israel National Program for Prevention and Control of Tuberculosis, the molecular epide-
miology of new tuberculosis cases is monitored. Prospective screening showed that about 20% of all new cases
of culture-positive tuberculosis (43 of 222) in Israel in the year 2008 were caused by certain Mycobacterium
tuberculosis strains of the central Asian (CAS) spoligotype lineage. The identity and similarity of these strains
by mycobacterial interspersed repetitive-unit–variable-number tandem-repeat (MIRU-VNTR) typing form a
lineage we call PETRA for polymorphic at locus ETR A. The name PETRA was given to 79 strains we have
found since the year 2000, because the largest number of strains with MIRU-VNTR profiles identical other
than at locus A formed three groups, including 5 of 10 strains that had deleted the ETR A region from their
genomes. No PETRA strain was found to be multiple drug resistant (resistant to both isoniazid and rifampin
[rifampicin]). Most patients (75% [58 of 77 patients of known origin]) infected with PETRA were of sub-
Saharan African origins. The genotypes associated with the 79 PETRA lineage strains presented in this paper
suggest that the PETRA lineage is a large, major contributor to new tuberculosis cases in Israel.

Mycobacterium tuberculosis is a major cause of world death
and morbidity due to bacterial infection (15). It is estimated
that almost a third of the world’s population, 2 billion persons,
has been exposed to M. tuberculosis and that M. tuberculosis
causes about 9 million persons to become ill each year; of
these, nearly 2 million die from tuberculosis (15). Israel is a
country with a low incidence of tuberculosis, but the recent
absorption of almost a fifth of the population from countries
with a high incidence of tuberculosis has presented a challenge
for the control, prevention, and treatment of tuberculosis. In
particular, the introduction of multiple-drug-resistant (MDR)
M. tuberculosis primarily from former Soviet Union countries
(unpublished data) and of the non-MDR but highly infectious
central Asian (CAS) spoligotype lineage MT, primarily from
sub-Saharan African (SSA) countries (this study), continues to
challenge the public health system in Israel.

CAS spoligotype sublineages (5, 6, 61) have been reported
to be prevalent in patients from SSA countries (3, 29, 58).
Extrapulmonary tuberculosis has been reported from CAS
spoligotype M. tuberculosis (41). It was recently reported that
the CAS spoligotype lineage contributes to the tuberculosis
burden in the Middle East (3).

Genotyping on culture-positive Mycobacterium tuberculo-
sis complex (MTC) has been performed at our National
Mycobacterium Reference Laboratory since 1997 using re-
striction fragment length polymorphism (RFLP) typing (75,
76) as the gold standard. Later, 43-spacer spoligotyping (19)
was introduced, followed by typing of 16 mycobacterial in-
terspersed repetitive-unit–variable-number tandem-repeat

(MIRU-VNTR) loci (12 MIRU-VNTR [47, 66] loci, 3 exact
tandem-repeat [ETR] loci [25], and the QUB11b [68] locus).
For the year 2000, a retrospective analysis of all new culture-
positive pulmonary MTC cases in Israel was performed us-
ing RFLP typing. From 2001 to 2005 and in 2007, MTC
strains were genotyped according to clinical and epidemio-
logical needs. Most new MTC strains of 2006 were MIRU-
VNTR genotyped. Since the beginning of 2008, all new
culture-positive MTC cases are being MIRU-VNTR geno-
typed in a prospective screen employing high-throughput
capillary electrophoresis with 16 capillaries (4, 65, 67, 68).

This paper presents the results obtained from the prospec-
tive MIRU-VNTR molecular epidemiological screening of all
patients with new cases of culture-positive tuberculosis in Is-
rael in the year 2008 and in addition some results obtained
from the retrospective screening of previous years in Israel.
These results lead to the definition of a new M. tuberculosis
MIRU-VNTR lineage (with CAS spoligotypes) which is
named PETRA (for polymorphic ETR A) here. Evidence is
presented that the M. tuberculosis PETRA lineage is a major
contributor of tuberculosis in Israel and is of predominantly
SSA origins. Some PETRA lineage strains have deleted the
chromosomal region containing locus ETR A.

MATERIALS AND METHODS

Growth of MTC and drug sensitivity tests. For the prospective screening of
2008, analysis was conducted on all new culture-positive strains isolated from
material collected in 2008 and processed from 1 January 2008 through 28 Feb-
ruary 2009. Retrospective screening of previous years, in whole or in part, was
conducted on the basis of clinical and epidemiological needs. M. tuberculosis
complex (MTC) strains were grown on solid Lowenstein-Jensen medium using
standard methods (37). Strains with MTC biochemical and physiological char-
acteristics were confirmed as MTC by the AccuProbe (GenProbe) test. Since
2007, a commercial strip test (Hain, Germany) (52) has been used by our
laboratory for initial identification of MTC strains. We also use the commercial
strip test to screen for multiple-drug-resistant status (resistance to both isoniazid

* Corresponding author. Mailing address: National Public Health
Laboratory, Ministry of Health, 69 Ben-Tzvi, Tel-Aviv, Israel. Phone:
972 3 5158687. Fax: 972 3 5185537. E-mail: paul.freidlin@phlta.health
.gov.il.

� Published ahead of print on 21 October 2009.

4006



and rifampin [rifampicin]). Commercial drug susceptibility test results were con-
firmed and expanded by the resistance ratio method (37) for isoniazid, rifampin,
streptomycin, ethambutol, and pyrazinamide. Mycobacterium bovis BCG P2 was
a kind gift from Hillel Bercovier, Hebrew University of Jerusalem. Mycobacte-
rium tuberculosis strain MT14323 was a kind gift from the National Institute of
Public Health and the Environment (RIVM), Bilthoven, The Netherlands. Every
MIRU-VNTR typing plate analyzed by capillary electrophoresis included strain
MT14323 for typing at all loci as a control.

Extraction of Mycobacterium tuberculosis DNA. RFLP-grade DNA was ex-
tracted by the international consensus standard method (75). Initial screening for
MTC strains in our lab involves commercial strip testing (Hain, Germany), which
can also detect simultaneous infection with about 30 species of nontuberculous
mycobacteria. It was convenient and efficient to use a fast DNA extraction
method for automated high-throughput prospective MIRU-VNTR screening of
all the MTC isolates from new patients. The fast DNA extraction method (used
for strip testing; Hain, Germany) consisted of preparing a “crude” extract as
follows. Bacteria grown on solid medium were collected with an inoculation loop
and suspended in approximately 300 �l of water (molecular biology grade). The
suspension was incubated for 45 min at 95°C in a water bath, transferred to an
ultrasonic bath for 15 min, and then centrifuged in a microcentrifuge at full speed
for 5 min. The supernatant was transferred to a new tube and stored at �20°C.
This paper deals only with new MTC isolates. The few cases of mixed infection
(two MIRU-VNTR alleles at one or more loci) were dropped from this study.
The fast DNA extraction method (amount used, 2 �l) was also successfully
employed for spoligotyping (Ocimum Biosolution Company, India).

PCR and agarose gel electrophoresis. Quantitative agarose gel electrophoresis
was performed using simplex PCR catalyzed by Qiagen HotStarTaq polymerase
and accompanying reagents (catalog no. 203203; Qiagen) with the primers de-
veloped by Supply et al. (66) and Frothingham and Meeker-O’Connell (25). For
example, enough mix for 2 reaction mixture volumes for 2 mM MgCl2 contained
5 �l of 10� HotStarTaq buffer (Qiagen), 4.8 �l of autoclaved H2O (catalog no.
W4502; Sigma), 10 �l of 5� Q solution (Qiagen), 1 �l of 25 mM MgCl2
(Qiagen), 4 �l of 2.5 mM deoxynucleoside triphosphates, and 0.2 �l of HotStar-
Taq polymerase (5 U/�l) (Qiagen). To 12.5 �l of this reaction solution was added
8.5 �l of DNA containing 0.5 �l of Hain extract or 10 ng of RFLP-grade DNA.
Then 2 �l each of the forward and reverse primers was added for a final volume
of 25 �l. PCR was performed as follows. The lid was 99°C. PCR temperature
cycling was performed as follows: (i)15 min at 95°C; (ii) 40 cycles, with 1 cycle
consisting of 60 s at 94°C, 60 s at 59°C, and 90 s at 72°C; (iii) 10 min at 72°C; (iv)
pause at 10°C (67). PCR product was stored at 2 to 8°C until use. Agarose gel
electrophoresis was set up and performed as follows. One hundred milliliters of
2% LE agarose (SeaKem) in 1� Tris-borate-EDTA (Promega) was prepared.
After the agarose was cooled to 65°C, 1 drop of ethidium bromide (0.25 �g
Amresco) was added. This was poured into a 10- by 10-cm gel apparatus and
allowed to solidify, and then the apparatus was loaded with samples which were
electrophoresed (Bio-Rad apparatus) at 100 V for 90 min, which was immedi-
ately followed by electrophoresis at 50 V for 45 min. The PCR products from 15
different loci (or other arrangements of loci as needed) were electrophoresed
along with (i) a positive control (locus MIRU-VNTR 23 with MT14323 DNA),
(ii) a negative control (locus MIRU-VNTR 23 with autoclaved water [catalog no.
W4502; Sigma]), and (iii) three wells (the two outer wells and middle well
number 11) of base pair standards (Roche, 100-bp ladder, 100 to 1,500 bp). In
our hands, only the Roche bp ladder allowed quantitative results; a bp ladder
from another company was not suitable. Results were analyzed by recording the
data with a Fuji/Pharmacia digital camera UV gel visualization instrument and
calculating (using Total Lab v2 image analysis software) the base pairs corre-
sponding to the migration of fluorescent ethidium bromide-labeled amplicon
DNA bands relative to the migration of the standards. Translation of base pairs
into copy numbers was done according to the values provided by Supply et al.
(65, 66, 68). The meaning of “copy number” has been discussed by Skuce et al.
(60). Another set of primers was made flanking the region encompassed by the
standard primers for locus ETR A, using Primer3 software (53), that were named
mla-1: forward mla-1 primer, ATA TCG ATA CAG CTA GGC ACT CCT;
reverse mla-1 primer, GAA GTT CAA GAT TCC CGA TGT C. The mla-1
forward and reverse primers flanked the standard primers for amplification of
the ETR A locus in order to confirm that the inability to obtain ETR A ampli-
cons from certain strains involved chromosomal deletions.

Bioinformatics. Tools provided by the National Center for Biotechnology
Information (NCBI) were used to obtain and examine the sequences of strains
H37Rv Rv1917c and RD Rv1917c with chromosomal deletions and insertion of
IS6110. These tools were BLAST2 sequences, nucleotide, and entrez gene. In
addition, the PubMed literature search tool was employed. All NCBI tools were
utilized at the central website, http://www.ncbi.nlm.nih.gov. Primers flanking the

standard ETR A locus region were constructed with the software program
Primer3 (53) found at the website http://frodo.wi.mit.edu. Note that the address
does not include www. The MIRU-VNTR and spoligotype profiles of the
PETRA lineage were identified as being a sublineage of the CAS spoligotype
lineage by comparison with data in the MIRU-VNTRplus database (5): http:
//www.miru-vntrplus.org/MIRU/index.faces. In addition, further CAS MIRU-
VNTR types and associated spoligotypes were identified in the literature (3, 6, 7,
58, 61, 62).

High-throughput capillary electrophoresis using the AB3100 Prism with 16
capillaries. Capillary electrophoresis with 16 capillaries allowed the construction
of a high-throughput system based on multiplex PCR (4, 65, 67, 68) and auto-
matic electrophoresis and recording of results. Analysis of results was facilitated
by GeneMapper software version 4 (Applied Biosystems), which after initial
determination of offsets by comparison with agarose gel results and results
published in the literature (4, 65) and subsequent assignation of corresponding
bins allowed speedy assignation of alleles (copy numbers) to peaks. The primers
were constructed and labeled by the method of Supply et al. (68) with the
following exceptions. MIRU 4 was prepared by the method of Supply et al. (67).
ETR B was prepared by the method of Frothingham and Meeker-O’Connell (25)
with the forward primer labeled with VIC. ETR C was prepared by the method
of Frothingham and Meeker-O’Connell (25) with the forward primer labeled
with 6-carboxyfluorescein (FAM). QUB11b was prepared by the method of
Supply et al. (68) but with the reverse primer labeled with PET (red color;
Applied Biosystems). In addition, the MIRU 23 primers (68) were also made
with forward primer labeled with PET. Five colors were used: 6-FAM
(blue) (represented by f in primer designations), VIC (green; Applied Biosys-
tems) (represented by v in primer designations), NED (yellow; Applied Biosys-
tems) (represented by n in primer designations), PET (red) (represented by p in
primer designations) and LIZ (orange, for the standard bp ladder LIZ1200
purchased from Applied Biosystems). An identical MgCl2 concentration for all
primer sets was sought for multiplex PCR in order to maximize the high-through-
put aspects of MIRU-VNTR screening. For our primer sets, the optimal con-
centration was 3 mM MgCl2 using Qiagen HotStarTaq polymerase and kit
components of polymerase buffer, MgCl2 and Q buffer. These primer sets (pan-
els) were as follows: (i) 4f-26v-40n (68), (ii) Cf-16v-31n, (iii) 2f-23v-39n (68), (iv)
20f-24v-27n (68), (v) 10f-An, (vi) Bv-QUB11bp, and (vii) 23p. Primer set 7 was
of course for a simplex PCR, but 3 mM MgCl2 was also used for this PCR. The
water used was autoclaved water (catalog no. W4502; Sigma). The deoxynucleo-
side triphosphates were used at a final concentration of 0.2 mM each. The final
reaction mixture volume was 20 �l. PCR was performed as previously described
(67). DNA for PCR was usually extracted by the fast DNA extraction method,
although RFLP-grade DNA (2 ng in 2 �l) (75) and DNA extracted by heat (45
min at 95°C) (47) could also be employed. The advantage of using the fast-
method DNA extracts was to connect directly with the routine throughput of the
diagnostic laboratory, which had switched to Hain diagnostic tests for identifi-
cation of Mycobacterium species. Undiluted crude fast DNA extract (2 �l) was
used for primer sets 2, 4, and 5. For the remaining primer sets, crude fast DNA
extract diluted 1:50 in 1� Tris-EDTA (Sigma) was employed. Mixes, reaction
mixture volumes, and electrophoresis conditions were adapted from those used
by Supply et al. (68) and from the Institute Pasteur Manual kindly provided by
Philip Supply (65). Capillary electrophoresis runs were for 2,100 s using POP4
(Applied Biosystems) and 36-cm-long capillaries. Currently, for capillary elec-
trophoresis, we use an upgraded machine, Applied Biosystems 3130xl. The 96-
well microplate setup for our routine consists of 14 strains analyzed in wells A1
to A6, wells B1 to B6, to wells F7 to F12. Wells 1 to 6 and wells 7 to 12 contain
the DNA for a given strain and multiplex panels 1 to 6, respectively. Wells G7 to
G12 contain DNA from fast DNA extracted from strain MT14323. Wells H7 to
H9 contain negative-control water instead of DNA, with multiplex panel 3. Wells
H10 to H12 contain positive-control fast DNA extracted from strain MT14323
with simplex panel 7. After PCR (PCR product could be stored at 2 to 8°C for
at least 2 weeks), 1 �l of PCR product was added to 10 �l of mix for a total
volume of 11 �l. The mix was composed of 8.5 volumes of formamide (HI-DI
Applied Biosystems), 0.5 volume of LIZ1200 size standard (Applied Biosystems),
and 0.5 volume of MIRU 23p MT14323 (1 part of MIRU 23p MT14323 diluted
with 3 parts of autoclaved water [catalog no. W4502; Sigma]) (MIRU 23p
MT14323 from one well of wells H10 to H12) as an internal standard. Thus, each
plate for electrophoresis has an MT14323 control for all loci (wells G7 to G12),
and an internal MIRU 23p MT14323 control (red peak) in each well, in addition
to the LIZ1200 size standard in each well. This is a high-throughput operation,
using multidispenser pipettes (for example, to dispense the 10 �l of mix into each
one of the 96 wells of the electrophoresis plate) or multichannel pipettes when-
ever possible (for example, to transfer 1 �l of PCR product from each well of the
PCR plate to the corresponding well of the electrophoresis plate).
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MIRU-VNTR results were stored in an Excel database (Microsoft) and in the
Bionumerics version 3.5 database (Applied Maths BVBA, Belgium) by associ-
ating the database information with the genotypic profiles stored using the
characters module. Clustering MIRU-VNTR results was performed by using the
categorical coefficient and the unweighted-pair group method using average
linkages (UPGMA) algorithm to generate a dendrogram, or analysis was done by
generating a minimum spanning tree (MST) using the following default options:
coefficient, categorical; priority, highest number of single-locus variants (SLVs);
creation of complexes, maximum neighbor distance two changes and minimum
size 2 types.

IS6110 RFLP typing. Restriction fragment length polymorphism typing was
performed using standard international conventions (75) as detailed in the
RIVM manual (76) kindly provided by Dick van Soolingen and Kristin Kremer
of the RIVM, Bilthoven, The Netherlands. It is important to note that most of
the electrophoresis is performed overnight at 20 V. Electrophoresis of PvuII-
digested M. tuberculosis DNA is performed until a standard running marker band
has migrated to 7.0 cm (�0.4 cm). The DNA fragments in the 0.8% agarose
(SeaKem LE) gel are then vacuum blotted onto a nitrocellulose membrane
(Hybond N�) and fixed to the membrane using a UV cross-linker instrument.
The membrane is hybridized first with probe for insertion sequence IS6110 and
then, according to the protocol, hybridized with probe for the internal standards
that were placed in every well. In addition to the internal standards, we run three
MT14323 M. tuberculosis standards (two outside lanes and the middle lane) on
every gel. The IS6110-containing band and internal standard bands were visual-
ized using the GE Healthcare kit for enhanced chemiluminescence (ECL kit).
The autoradiograms were scanned using international conventions (75, 76), and
the bands were stored in the Bionumerics database, version 3.5. RFLP profiles
were stored in the Bionumerics database, version 3.5, associated with the corre-
sponding strain information. Dendrograms were produced using the Dice coef-
ficient with UPGMA clustering (results not shown).

Spoligotyping. Spacer oligonucleotide typing (spoligotyping) for 43 spacers of
the direct repeat region (9, 56, 61) was performed using a kit according to the
manufacturer’s instructions (Isogen/Omicium). The Taq polymerase (catalog no.
M1861; Promega) was kept in storage buffer A. Results were visualized using
octal or character representation of the 43 spacers (19). Spoligotyping results
were stored in the Bionumerics database, version 3.5, using the characters mod-
ule, and clustered using the categorical coefficient and the UPGMA algorithm, or
analyzed with the MST option using the default options described above.

RESULTS

PETRA lineage consensus MIRU-VNTR typing profile. A
total of 79 cases were found to have the M. tuberculosis
PETRA lineage profile described below (Table 1). The con-

sensus MIRU-VNTR profiles of 16 loci were as follows (shown
in the form locus:copy number): 02:2; 04:2; 10:variable; 16:
variable; 20:2; 23:5; 24:1; 26:variable; 27:3 (rarely 1 or 2);
31:variable; 39:3; 40:variable; A:4, 6, or no amplicon; B:2
(rarely 1); C:2; and QUB11b:variable. Most profiles come from
the years 2000, 2006, and 2008 because those were the years
that systematic complete screening (retrospective for 2000
[RFLP], prospective for year 2008 [MIRU-VNTR]) or partial
screening (retrospective for year 2006 [MIRU-VNTR]) was
undertaken. The MIRU-VNTR profiles are strikingly similar
to the profiles exhibited by the 10 PETRA strains that lack the
ETR A locus (Table 2 and Fig. 1). The invariant allele for locus
24, copy number 1, is characteristic of “modern” tuberculosis,
and is reportedly typical for the CAS strains (64).

Drug sensitivity test results. No PETRA lineage member
was multiple drug resistant (resistant to at least both isoni-
azid and rifampin), nor were any PETRA lineage members
resistant to rifampin or ethambutol (Fig. 1). One strain was
resistant to isoniazid alone, 14 strains were resistant to
streptomycin alone, and 4 strains were resistant to both
isoniazid and streptomycin (Fig. 1). In summary, 19 of the
78 strains (24%) for which information was available, were
resistant to one or more of the first-line antituberculosis
drugs isoniazid and/or streptomycin.

ETR A deletion in the PETRA lineage. The first 10 PETRA
strains listed in Table 2, missing locus A (mla) PETRA, failed
to amplify an amplicon (primers mla-1) for a larger flanking
ETR A-containing region (larger by 258 bp). This highly sug-
gests that there is a chromosomal deletion of the sequence
containing the ETR A locus and of nearby flanking regions. In
contrast, the control strains all amplified the ETR A region
with standard primers, as well as the larger ETR A-containing
region flanked by the mla-1 primers. Table 2 lists these control
strains in the following order: (i) four PETRA family members
of ETR A copy number 4 or 6, (ii) two Beijing family members
with PETRA-like MIRU-VNTR profiles, (iii) two Beijing fam-
ily members with classic Beijing MIRU-VNTR profiles, (iv)

TABLE 1. Probabilities of the appearance of MIRU-VNTR alleles (copy numbers) in the 79 PETRA lineage strains

MIRU-
VNTR locus

Probability of copy number (allele)a

NPPb 1 2 3 4 5 6 7 8 9

02 1.000
04 (ETR D) 1.000
10 0.013 0.089 0.101 0.570 0.215 0.000 0.013
16 0.013 0.127 0.835 0.025
20 1.000
23 1.000
24 1.000
26 0.165 0.000 0.013 0.063 0.570 0.013 0.152 0.013 0.013
27 0.013 0.025 0.962
31 (ETR E) 0.013 0.013 0.165 0.709 0.101
39 1.000
40 0.013 0.025 0.747 0.215
ETR A 0.127 0.000 0.000 0.000 0.759 0.000 0.114
ETR B 0.025 0.975
ETR C 1.000
QUB11b 0.025 0.025 0.937 0.000 0.013

a The probability (number of strains/number of total strains) of the appearance of MIRU-VNTR copy number (allele) in 79 PETRA lineage strains is shown. For
each MIRU-VNTR locus, the probabilities add up to 1 total for the different copy numbers or alleles. The major alleles are indicated by boldface type, and the invariant
alleles are shown in italic boldface type.

b NPP, no PCR product.
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BCG P2, and (v) MT14323. The QUB11b region, which is
located in gene Rv1917c upstream of the ETR A-containing
region, was with one exception (strain 0469-08) amplified by
the mla PETRA strains (Table 2). This suggests that deletion
of the ETR A-containing region involved only partial deletion
of the M. tuberculosis RD Rv1917c gene for at least 9 of the 10
mla PETRA strains. Amplification of the QUB11b region for
strain 0469-08 failed in all independent experiments, and the
reason for the possible QUB11b deletion needs to be deter-
mined. Indeed, only sequencing of the regions spanning the
ETR A deletions will confirm and explain these deletions (for
example, see references 27 and 43). No data were gathered
concerning the region farther downstream of the ETR A locus-
containing region. It can be concluded that there is probably a
chromosomal deletion of the ETR A region in the Rv1917c
gene of the 10 PETRA strains listed first in Table 2 and Fig. 1.
Further investigation, precise determination of the regions
flanking the deletions, is needed to determine whether or not
other genes are codeleted with the ETR A deletions. Locus
ETR B was amplified for all strains as a positive control, and
the expected ETR B PCR product was produced by all strains.

Bioinformatics search for examples of deleted ETR A re-
gions. Two examples (unpublished) relevant to our work were
submitted by other investigators to GenBank; these were ex-
amples of the Rv1917c gene disrupted by insertion and dele-
tion of the mobile element IS6110 (submitted 20 January 2005

to the National Institute for Medical Research, United King-
dom, by C. Menendez). Isolate 9375 can be accessed with the
identifier GI:71056981, and isolate 8088 can be accessed with
the identifier GI:71056983. Both isolates were part of a clinical
study of M. tuberculosis strains in the South Asian community
of the United Kingdom. Using “BLAST2 sequences” to probe
the Menendez et al. GenBank information for the IS6110 indel
Rv1917c sequences, it can be observed that isolate 9375 had
deleted the QUB11b and ETR A-containing regions from the
gene. However, it retained at least some of the region above
QUB11b, below ETR A, and between QUB11b and ETR A.
Isolate 8088 had deleted the QUB11b and ETR A-containing
regions from the gene, and it also retained at least some of the
regions between QUB11b and ETR A and below ETR A.
However, in contrast to isolate 9375, isolate 8088 had deleted
all of the Rv1917c sequences found above the QUB11b region.
This information combined with our results, although lacking
detailed sequences of the RD Rv1917c regions of mla PETRA
isolates, suggests that Rv1917c is a target for IS6110 insertion/
deletion, and that IS6110 insertion/deletion can cause the elim-
ination of the ETR A locus (including the flanking standard
primers). The IS6110 mediated ETR-A deletions reported in
GenBank appear to be different from the deletions observed in
our PETRA ETR A-deleted isolates, since our isolates (with
one exception) retained the QUB11b region. It is also inter-
esting to note that the two isolates were obtained from the

TABLE 2. Evidence for deletion of ETR A in certain PETRA lineage strainsa

Status Strain

PCR product of ETR A
by AGEb

ETR A copy
no. by CEc

PCR product of
mla-1 by AGE

PCR product of ETR B
by AGE Copy no. by CE

bp Copy
no. Proto-bp bp Proto-bp bp Copy

no. Proto-bp ETR B QUB11b

mla PETRA 0433-00 NB NB NB 234 2 235 2 2
1178-00 NB NB NB 231 2 235 2 2
2136-00 NB NB NB 232 2 235 2 2
0545-06 NB NB NB 233 2 235 2 2
0958-06 NB NB NB 232 2 235 2 2
0170-08 NB NB NB 227 2 235 2 2
0469-08 NB NB NB 176 1 178 1 0
0804-08 NB NB NB 232 2 235 2 2
0937-08 NB NB NB 227 2 235 2 2
1158-08 NB NB NB 233 2 235 2 2

PETRA 1468-00 497 4 495 4 748 753 230 2 235 2 2
0428-05 637 6 645 6 887 903 230 2 235 2 2
0339-06 500 4 495 4 755 753 232 2 235 2 2
0382-08 491 4 495 4 748 753 229 2 235 2 2

Beijing (PETRA-like) 0674-06 494 4 495 4 753 753 231 2 235 2 2
0653-08 488 4 495 4 750 753 229 2 235 2 6

Beijing (classic) 0419-04 494 4 495 4 746 753 228 2 235 2 6
0944-06 497 4 495 4 746 753 236 2 235 2 6

Control BCG P2 573 5 570 5 840 828 410 5 406 5 3
MT14323 421 3 420 3 672 678 232 2 235 2 2

a The chromosomal region containing ETR A in the putative PPE protein-coding RD Rv1917c gene is deleted in some PETRA lineage strains. PETRA lineage
strains lacking locus ETR A (missing locus A �mla� �no amplicons made on PCR with the standard primer pair�) also lack an enlarged region amplified with primers
(mla-1) flanking the standard ETR A region primers. Note that the ETR A repeat size for a copy is 75 bp. Locus QUB11b is also found in M. tuberculosis RD Rv1917c,
upstream of the ETR A locus. The flanking mla-1 primers enlarge the ETR A region by 258 bp (170 bp upstream and 88 bp downstream according to H37Rv sequence
data).

b The PCR product of ETR A by agarose gel electrophoresis (AGE) is shown. Abbreviations: bp, base pairs; proto-bp, prototype (expected) base pairs; copy no.,
MIRU-VNTR copy number; NB, no band.

c The PCR product of ETR A by capillary electrophoresis (CE) is shown. NB, no band.
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South Asian community and therefore may have been of CAS
spoligotype lineage. Neither transmissibility nor pathogenicity
was abrogated in M. tuberculosis PETRA lineage strains with
ETR A-deleted regions or in the two M. tuberculosis strains
with reported ETR A deletions in GenBank. It can be inferred
from these results that IS6110 insertion/deletion is a possible,
and even probable, cause of the PETRA lineage chromosomal
deletions of the RD Rv1917c ETR A-containing region. How-
ever, definitive characterization will require sequencing of the
postdeletion chromosomal region.

Genotypic and demographic analyses of M. tuberculosis
PETRA lineage strains. Figure 1 summarizes data for all 79
PETRA strains including strain identification (in the form
strain number-year of isolation), country of origin of the
patient, type of tuberculosis specimen, resistance to first-line
antituberculosis drugs, MIRU-VNTR profiles for 16 loci (also
shown in Fig. 2 and 3), MIRU-VNTR minimum spanning tree
group (MST shown in Fig. 4), 43-spacer octal spoligotypes
(also shown in Fig. 2 and 3), 43-spacer character spoligotypes
(0 for no hybridization, 1 for hybridization), and spoligotype
minimum spanning tree group (MST shown in Fig. 5). Figure
1 is arranged in sections for convenient reference and can be
summarized as a whole or by section. The top four sections are
comprised of four of the largest PETRA MIRU-VNTR iden-
tity clusters. Subclusters that also share spoligotype identity are
indicated to the right of the figure. The countries of origin of
75% (58 of 77 for whom information was available) of the
patients infected with PETRA lineage strains were in sub-
Saharan Africa. The patients were from the following countries
in SSA: Ethiopia (39 patients [51%]), Sudan (12 patients
[16%]), and Eritrea (7 patients [9%]). The remaining patients
were from India (4 patients [5%]), Israel (6 patients [7.7%]),
Nepal (3 patients [4%]) (total of 13 patients [16.7%] from
India, Israel, and Nepal) and then from Egypt, Georgia, Iran,
Iraq, Jordan, and Yemen, each with 1 case (1.3% each) for a
total of 6 patients (7.8%) from the last six countries.

Of the 79 PETRA lineage strains shown in Figure 1, 23
(29%) were isolated from various extrapulmonary specimens.
Nine of the 10 strains lacking ETR A (90%) were isolated from
specimens from patients with pulmonary tuberculosis, and 1
(10%) was from an extrapulmonary specimen (Fig. 1, top sec-
tion); therefore, the chromosomal deletions of ETR A did not

attenuate the affected strains. Possible confounding factors
that prevent clear interpretation of these data would be the
patient’s genetic and health backgrounds.

The countries of origin of the patients infected with PETRA
lineage strains from the year 2008 (Fig. 1) were predominantly
SSA, accounting for 33 of the 41 patients (80%) of known
origins. The patients were from the following countries in SSA:
Ethiopia (14 patients [34.1%]), Sudan (12 patients [29.3%]),
and Eritrea (7 patients [17.1%]). The remaining countries were
India (2 patients [4.9%]), Israel (3 patients [7.3%]), Nepal (2
patients [4.9%]), and Jordan (1 patient [2.4%]). The tubercu-
losis cases from patients from Sudan are recent cases, appear-
ing only in the year 2008.

The top section of Fig. 1 shows the 10 PETRA lineage
strains lacking locus ETR A (missing locus a [mla]). Nine of
these strains (the exception being strain 0958-06, from a
patient originating from Iran) have the same spoligotype
and are of SSA origin. Five of these strains (strains 0433-00,
0937-08, 1158-08, 1178-00, and 2136-00 [indicated by gray
shaded background]) have identical spoligotypes and
MIRU-VNTR profiles, and all were isolated from patients
originating from Ethiopia.

Continuing down the list of strains in Fig. 1, the next section
shows 14 PETRA strains with MIRU-VNTR profiles identical
to the profiles of the 5 identical mla PETRA strains, except
that locus ETR A yields amplicons of copy number 4. Nine of
these strains with amplicons of copy number 4 (A � 4) (strains
0735-08, 0882-08, 1180-06, 1407-00, 1468-00, 2095-00, 0787-08,
0382-08, and 0936-08) also have spoligotypes identical to those
of the five identical mla PETRA strains and are indicated by
gray shaded background. Seven of these nine strains are from
patients of SSA origins (five from Ethiopia, one from Eritrea,
and one from Sudan), and two have non-SSA origins, one from
India and one from Jordan.

The next lower section of the Fig. 1 shows PETRA lineage
strains with MIRU-VNTR profiles identical to the profiles of
the five identical ETR A-deleted PETRA strains, except that
locus ETR A yields amplicons of copy number 6. Four of these
A � 6 strains (strains 0132-08, 0543-07, 0875-06, and 0448-08
[indicated by gray shaded background]) also have spoligotypes
identical to those of the five identical ETR A-deleted PETRA
strains and nine identical A � 4 PETRA strains. These four

FIG. 1. Data for the 79 PETRA lineage strains of this study. The leftmost column (ID) contains the strain identification codes (a number
followed by the year of isolation). The next column shows the country of origin of the patient with tuberculosis as follows: IRN, Iran; ERI, Eritrea;
ETH, Ethiopia; IND, India; JOR, Jordan; SUD, Sudan; NEP, Nepal; ISR, Israel; EGY, Egypt; YEM, Yemen; GEO, Georgia; IRQ, Iraq. The type
of tuberculosis specimen (TB type) is shown as follows: P, pulmonary; EP, extrapulmonary. In the RES column, resistance to first line
anti-tuberculosis drugs (RES) is shown as follows: I, isoniazid; S, streptomycin; n a, information not available. The MIRU-VNTR loci column
shows the MIRU-VNTR copy number profile for each strain, by locus in the following order: 2, 4, 10, 16, 20, 23, 24, 26, 27, 31, 39, 40, A, B, C,
and QUB11b, which are clustered in Fig. 2. Note that 0 indicates an absence of the amplicon (terminology which facilitates data manipulation by
Excel and Bionumerics). The column labeled MST MIRU Group shows the MIRU-VNTR minimum spanning tree (MST) group as visualized in
Fig. 4. The SPOLIGO Octal column shows the octal equivalent of the 43-spacer spoligotype. The column labeled SPOLIGO Spacers shows the
character representation of the 43-spacer spoligotype profiles for each strain, which are clustered in Fig. 3, as follows: 1 for hybridization and 0
for no hybridization. The MST Spoligo Group column shows the spoligotype MST group as visualized in Fig. 5. The strains with gray shaded
backgrounds have identical spoligotypes and MIRU-VNTR types that vary only at locus ETR A. To the right of the figure, the MIRU-VNTR
subclusters that also share spoligotype identity (MIRU-spo-identity) are shown. ETR A amplicons of various copy numbers are shown (for
example, amplicons of copy number 4 are represented by A � 4). Since it is difficult in places to distinguish among zero, Q, and capital O, we note
for the sake of clarity that the country of origin for strain 0753-06 is Iraq (IRQ), the MST MIRU group for strain 2039-00 is A0, the MST MIRU
group for strain 0346-08 is AO, the MST MIRU group for strain 0493-06 is AQ, the MST spoligo group for strain 0854-08 is Q, and the MST
spoligo group for strain 0346-08 is O.
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FIG. 2. Dendrogram of the 79 PETRA lineage strains clustered on their MIRU-VNTR profiles, using Bionumerics software with the categorical
coefficient and the UPGMA algorithm. Three Beijing strains were included for comparison. The strain designations are shown in the ID (identification)
column. Octal spoligotype and MIRU-VNTR copy number are also shown in Fig. 1.
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FIG. 3. Dendrogram of the 79 PETRA lineage strains clustered on their 43 spacer spoligotype profiles, using Bionumerics software with the
categorical coefficient and the UPGMA algorithm. Three Beijing strains were included for comparison. Strain designations are shown in the ID
(identification) column. Octal spoligotype and MIRU-VNTR copy number are also shown in Fig. 1.

VOL. 47, 2009 PETRA 4013



strains are of SSA origin (three strains from Ethiopia and one
from Sudan).

In summary, the 18 strains indicated by gray shaded back-
ground in Fig. 1 all share MIRU-VNTR typing profiles that
vary only at locus ETR A, and all share identical spoligotypes.
Sixteen of the 18 strains (89%) are from patients of SSA
origins, 13 from Ethiopia, 2 from Sudan, and 1 from Eritrea. It
is worth noting for those new to MIRU-VNTR copy number
notation that copy number 0 is in standard usage reserved for
amplicons with no repeats (68), but the assigned usage of copy
number 0 for the absence of an amplicon as in this paper
greatly facilitates the manipulation of MIRU-VNTR data by
Excel and Bionumerics algorithms.

Continuing down Fig. 1, the next section presents 13
PETRA lineage strains with identical spoligotypes (MST spo-
ligo group D [Fig. 5]), 11 of which have identical MIRU-
VNTR types (MST MIRU group AL), and 2 (strains 0327-08

and 0851-06) of which have very similar MIRU-VNTR typing
profiles to the majority (MST MIRU groups AJ and AX,
respectively [Fig. 4]). These 13 strains constitute a separate
“small” subpopulation in both MIRU-VNTR type and spoli-
gotype MSTs (Fig. 4, MST MIRU-VNTR type identity groups
AL, AJ, and AX, and Fig. 5, MST spoligotype identity group
D, plus two other identity groups of one profile each). The
spoligotyping profiles in the MST identity group D are identi-
cal to the profile published for a large cluster observed in the
SSA country Malawi (the MIRU-VNTR profiles were not pub-
lished) (29). In Israel, 12 of the 13 PETRA lineage strains with
the D spoligotype came from patients of SSA origins: 10 from
Ethiopia, 1 from Eritrea, and 1 from Sudan, and 1 strain was
from a patient of non-SSA origin, Israel.

The last section of Fig. 1 shows the remaining strains listed
in alphanumeric order of their MIRU-VNTR MST groups
(displayed in Fig. 4). Strain 0151-08 (patient origin is Sudan)

FIG. 4. Minimum spanning tree calculated on MIRU-VNTR data for the 79 PETRA lineage strains and 3 Beijing family strains for comparison.
The MST was constructed using Bionumerics software with the following default settings: (i) priority rule, highest number of SLVs; (ii) coefficient,
categorical; and (iii) for creation of complexes, maximum neighbor distance of two changes and minimum size of two types. The length of the
branches reflects the distance between the types, and the thickness, dotting, and graying of the branch lines also reflect distance between the nodes
(BioNumerics version 3.5 user manual; Applied Maths BVBA, Sint-Martens-Latem, Belgium).
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has a spoligotype that lacks more than the usual amount of
missing spacers and thus approaches the Beijing spoligotype.
This is visualized in Fig. 5 by the MST spoligotype identity
circle N (the MST group of strain 0151-08) being the closest
neighbor to MST identity circle M (the Beijing family spoligo-
type MST group). On the other hand, the MIRU-VNTR iden-
tity circle (A2 for strain 0151-08) shown in Fig. 4 presents
strain 0151-08 as a part of the major PETRA lineage subpopu-
lation.

Three Beijing family members (strains 0419-04, 0674-06,
and 0653-08 [Table 2]) were included for comparison in the
clustering shown in Fig. 2 and 3 and the MSTs shown in Fig.
4 and 5.

All three Beijing strains were found in the same classical
Beijing spoligotype MST identity group M shown in Fig. 5.

Beijing strain 0419-04 is a classic Beijing strain (39, 40) belong-
ing to our RFLP typing cluster 14 (Table 2 and Fig. 2), which
is identical to the previously reported RFLP typing F cluster
(50). It is labeled “A3” in Fig. 4, separate from the main large
MIRU-VNTR MST population in Fig. 4. Beijing strain
0674-06 is a PETRA-like Beijing in its MIRU-VNTR profile
(Table 2 and Fig. 2). It is labeled “A8,” separate from the
“small” MIRU-VNTR MST subpopulation in Fig. 4. Beijing
strain 0653-08 is a PETRA-like Beijing strain in its MIRU-
VNTR profile (Table 2 and Fig. 2). It is labeled “A7” and
importantly is included in the “large” PETRA lineage MIRU-
VNTR MST subpopulation in Fig. 4, although at the perimeter
of the tree.

Figure 2 shows the Bionumerics version 3.5-generated den-
drogram (categorical coefficient, UPGMA) of the 79 PETRA

FIG. 5. Minimum spanning tree calculated on spoligotype data for the 79 PETRA strains and 3 Beijing strains for comparison. The MST was
constructed using Bionumerics software with the following default settings: (i) priority rule, highest number of SLVs; (ii) coefficient, categorical;
and (iii) for creation of complexes, maximum neighbor distance of two changes, minimum size of two types. The length of the branches reflects
the distance between the types, and the thickness, dotting, and graying of the branch lines also reflect the distance between the nodes (BioNumerics
version 3.5 user manual; Applied Maths BVBA, Sint-Martens-Latem, Belgium).
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family MIRU-VNTR profiles, along with their associated spo-
ligotypes and partial RFLP typing profiles. Profiles from three
Beijing family strains (strains 0419-04, 0653-08, and 0674-06)
were included for comparison. By comparison with the MIRU-
VNTRplus database (5) and published MIRU-VNTR profiles
and spoligotyping profiles (3, 6, 7, 61, 62), we determined that
our PETRA spoligotypes are identical to those found in the
CAS spoligotype lineage and that our PETRA consensus
MIRU-VNTR types (Table 1 and Fig. 1) therefore constitute
a lineage of CAS MIRU-VNTR types. Our 16-locus MIRU-
VNTR panel yielded nine MIRU-VNTR clusters (identical
MIRU-VNTR profiles), three of which clustered together dif-
ferent spoligotypes (clusters 2, 3, and 4 of Fig. 2). Therefore,
the 16-locus panel is less discriminatory than RFLP for molec-
ular typing of PETRA lineage strains, although it still may have
value for identifying epidemiological links (8, 74). A 24-locus
MIRU-VNTR panel has recently been reported to separate
each of many different CAS spoligotypes (6). However, the
fact that the 16-locus MIRU-VNTR panel gave nine clusters
containing 52 strains, while clustering on spoligotypes (cat-
egorical coefficient, UPGMA, Fig. 3) yielded six clusters
containing 67 strains shows that the 16-locus MIRU-VNTR
typing is more discriminatory than the 43-spacer spoligotyp-
ing for clustering PETRA lineage strains. Thirty-two of the
43 PETRA lineage strains from 2008 (74%) were found in
eight of the nine MIRU-VNTR clusters (Fig. 2). Each of the
32 clustered PETRA 2008 strains was found in cluster with
at least one other PETRA strain from 2008 (Fig. 2). This is
highly suggestive of recent transmission, but not necessarily
transmission in Israel. Twenty-six of the 32 clustered
PETRA 2008 strains (81%) were from patients of SSA or-
igins (Fig. 1 and Fig. 2). As already noted, in 2008, there
were 33 SSA origin PETRA strains; therefore, 79% (26 of
33) of these SSA origin PETRA strains were clustered by
MIRU-VNTR typing (Fig. 1 and 2).

The MST calculated on 16-locus MIRU-VNTR typing re-
sults, using Bionumerics version 3.5 default parameters, is
shown in Fig. 4. The PETRA lineage strains were found in one
large subpopulation and one small subpopulation as already
described concerning the results shown in Fig. 1. The 10
PETRA strains with deleted ETR A were not separated into a
subpopulation different from the “wild-type” PETRA strains
(capable of producing ETR A amplicons), but they did form
their own “branch” of the larger subpopulation (Fig. 1 and 4,
MST identity circles AC, AM, AS, A4, and BA). These results
support the suitability of the 16-locus MIRU-VNTR panel for
screening for PETRA lineage membership. One Beijing family
member with a PETRA-like MIRU-VNTR profile (strain
0653-08, identity circle A7) was also included in the PETRA
population. This is not necessarily an artifact, and its implica-
tions are considered below in the Discussion. On the other
hand, this indicates that the 16-locus MIRU-VNTR panel will
in rare cases give unclear results or even false-positive results
with respect to PETRA versus Beijing assignation. It is not
certain that even a 24-locus MIRU-VNTR screen (68, 80)
could avoid this difficulty (31). Therefore, use of the 16-locus
MIRU-VNTR panel (the original 12 standard loci, ETR loci
A, B, and C, and QUB11b) necessitates complementary
screening by 43-spacer spoligotyping for definitive identifica-

tion as a PETRA lineage (this paper) or Beijing family (10, 39,
40, 77) strain.

The MST calculated on 43-spacer spoligotyping results
using Bionumerics version 3.5 default parameters, is shown
in Fig. 5. The spoligotype MST divided the PETRA strains
into one large subpopulation and one small subpopulation
as already described concerning the results shown in Fig. 1.
This division can also be visualized in the Fig. 3 dendrogram
of spoligotype clusters. These two populations were essen-
tially equivalent to the two major subpopulations of the
MST based on MIRU-VNTR profiles. As expected, the Bei-
jing strains formed another separate subpopulation (Fig. 5,
MST spoligotype identity circle M; also see Fig. 3). PETRA
43-spacer spoligotypes were clearly shown to be of CAS
lineage (3, 6, 7, 58, 61, 62), as visualized in Fig. 3 and Fig. 5.
Since MIRU-VNTR resolves MST subpopulations similar to
the spoligotype-resolved MST subpopulations, it can be an
important aid in determining a spoligotype lineage, such as
the CAS lineage.

DISCUSSION

Discovery of PETRA. Prospective screening of every new
culture-positive Mycobacterium tuberculosis complex case in
Israel in the year 2008 was a direct benefit of automatic, high-
throughput, 16-capillary electrophoresis of multiplex panels of
16 MIRU-VNTR loci (4, 47, 65, 67, 68). In addition, retro-
spective screening had been undertaken (partially by agarose
gel electrophoresis) of isolates submitted in previous years,
primarily from the years 2000 (in which a complete retrospec-
tive RFLP typing screen of new pulmonary Mycobacterium
tuberculosis was performed) and 2006 (a year of partial system-
atic retrospective MIRU-VNTR screening). This screening
and especially the high-throughput MIRU-VNTR screening
enabled discovery and characterization of a major contributor
to new tuberculosis cases in Israel, responsible for about 20%
(43 of 222) of new culture-positive cases in 2008. The contrib-
utor was found to be a new consensus MIRU-VNTR lineage
(Table 1 and Fig. 1) of the central Asian (CAS) spoligotype
lineage (5, 6, 61, 62) which was termed “PETRA” for “poly-
morphic ETR A.”

CAS spoligotypes: considerations and origins with a focus
on the PETRA lineage. Recently, other groups of investigators
have reported that the CAS spoligotype lineage contributes to
the tuberculosis burdens of various nations in the Middle East
(attributed to population influx from Africa [3]), Africa (29,
58), and Asia (7, 33, 63). In Israel as reported in this paper, 77
(out of a total of 79) of the PETRA lineage strains were
isolated from patients for whom information regarding country
origin was available. Out of the 77 patients, 58 (75%) origi-
nated from SSA. Interestingly, other investigators reporting on
possible venues for CAS genotypes did not observe significant
numbers of CAS genotypes in their sample populations from
Turkey (2, 21), Ethiopia (14), and East Asia (RD Rv1519
deletion confers immune subverting phenotype [49]) (77).

PETRA strains were isolated from both pulmonary and ex-
trapulmonary samples. Extrapulmonary tuberculosis has been
reported from CAS spoligotype MT (41). The role, if any, for
PETRA lineage ETR A in extrapulmonary tuberculosis re-
quires further work for elucidation.
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Since the majority of our PETRA strains, 75%, originate
from SSA countries, we anticipate that the distribution of
PETRA is global, although we are the first to describe this
lineage. Indeed, 25% of the PETRA strains have non-SSA
origins (Fig. 1). A similar situation was recently described in
which a Mycobacterium tuberculosis RD lineage was a major
cause of tuberculosis in Rio de Janeiro, Brazil (43), and was
subsequently found to be globally disseminated (27) as a sub-
lineage of the Latin American-Mediterranean (LAM) Myco-
bacterium tuberculosis spoligotype lineage. MIRU-VNTR com-
bined with spoligotyping was recently used to define a new
Mycobacterium tuberculosis lineage responsible for over 40% of
smear-positive pulmonary tuberculosis cases in Cameroon dur-
ing the time period of the study (51).

Usually, screening for Beijing family members on the rec-
ommended loci (40) allows differentiation of Beijing and
PETRA lineage members. However, certain strains give incon-
clusive results and require spoligotyping to resolve the issue.
This is reasonable, as clustering on MIRU-VNTR loci (24 loci)
has shown that Beijing and CAS lineages are closely related (4,
68). It has been suggested that the CAS lineage is the ancestor
to the Beijing lineage (61). One of our PETRA strains (strain
0151-08) has a spoligotype that closely resembles that of Bei-
jing members (Fig. 1, 2, 3, and 5); this spoligotype has been
assigned to the CAS lineage (5).

Putative mechanism for deletion of ETR A in PETRA
strains. IS6110 has been inferred to insert into preferential
nonrandom sites (23) and to mediate certain deletion polymor-
phisms in Mycobacterium tuberculosis (22, 24, 57). IS6110-me-
diated deletion provides a likely mechanism for the deletions
of ETR A in M. tuberculosis RD Rv1917c in the IS6110 indel
sequences submitted by Menendez et al. to GenBank, GI:
71056981 and GI:71056983. The Menendez et al. submissions
were sequences recovered from virulent clinical isolates and
thus complement our findings that PETRA isolates with de-
leted ETR A remain virulent. However, the deletions of ETR
A in PETRA lineage members must be characterized in se-
quence-specific detail before any firm conclusions can be
reached concerning the mechanisms responsible for the dele-
tions. IS6110-mediated deletion of the RvD2 region in clinical
isolates did not attenuate virulence, and by inference, deletion
of RvD2 was not responsible for attenuation of H37Ra versus
the virulent H37Rv (42, 81). Therefore, attenuation of viru-
lence very much depends on which sequences are deleted. For
example, deletion (not necessarily involving IS6110) of RD1
from M. bovis BCG (13) is the primary cause of attenuation of
BCG (34). The effect of IS6110 insertion is further complicated
by the ability of IS6110 to provide a promoter sequence for the
transcription of genes (9). Small differences in genotypes from
strains isolated from the same patient (46, 57) may have
IS6110-mediated associations (57).

From our limited RFLP typing data, it can be seen that
PETRA lineage strains have many copies of IS6110 (profiles
with many bands [Fig. 2 and 3]). However, it is interesting that
despite the many different RFLP typing profiles with large
numbers of bands (from strains with large numbers of chro-
mosomal copies of IS6110), the PETRA MIRU-VNTR lineage
is the first lineage and so far the only lineage to be shown to
include a significant number of strains that lack ETR A.

Effect of the ETR A locus on the putative PPE34 protein.
The ETR A region is found in the gene Rv1917c which is a
coding sequence for the putative transmembrane PPE34 pro-
tein (PPE stands for Pro-Pro-Glu) (17, 55, 79). Thus, our
discovery of PETRA strains that delete the ETR A region
suggests the intriguing, but currently speculative, possibility
that the PETRA lineage is subject to evolutionary pressure on
its putative PPE34 protein.

As reported in this work, PETRA is the first MIRU-VNTR
lineage, a sublineage of the CAS spoligotype lineage, shown to
be clearly predisposed toward chromosomal deletions of the
Rv1917c ETR A locus (Table 2 and Fig. 1, 2, and 3). Unlike the
PPE gene-associated deletion events that resulted in attenu-
ated nonpathogenic M. bovis BCG (12, 13, 32), the deletion of
putative PPE34-coding, Rv1917c ETR A-containing chromo-
somal regions reported herein left the virulence of these
PETRA lineage members intact, although possibly modified. A
total of 10 ETR A-deleted PETRA strains were observed, 5
during the prospective screen of 2008, 2 from 2006, and 3 from
the year 2000. About 12% of the PETRA lineage members in
2008 (5 of 43) were missing locus ETR A (mla in Table 2 and
Fig. 1). Loss of ETR A has immediate implications for stan-
dardized MIRU-VNTR epidemiological screening, for which
ETR A is one of the recommended screening loci (68).

Previous works reported that the Rv1917c gene is tran-
scribed (mRNA was detected) in M. tuberculosis (55, 79). How-
ever, to date, there is no evidence that the putative M. tuber-
culosis PPE34 protein is transmembrane and surface exposed,
although indirect evidence with a recombinant PPE34 in M.
smegmatis suggests this behavior (55). Bioinformatics predic-
tion of PPE protein structure also suggests that the putative
PPE34 when found in M. tuberculosis will be transmembrane
and surface bound. Many of the MPTR PPE proteins have a
predicted beta-barrel outer membrane protein structure (re-
viewed in reference 26). An obvious but important question is
whether there is a difference in PPE34 expression, location,
antigenic potential, or function between PETRA strains with
ETR A deletions compared to the PETRA strains that possess
ETR A. Zvi et al. (82) have reviewed antigenic and functional
M. tuberculosis PPE proteins that could serve as vaccine can-
didates. It would be desirable to know whether putative PPE34
peptides are suitable candidates for vaccines.

The fact that in some PETRA lineage strains, the ETR A
locus and flanking primers are deleted with the PETRA-asso-
ciated deletion of part of the chromosomal region encom-
passed by M. tuberculosis RD Rv1917c results in the failure to
detect the ETR A locus in epidemiologic MIRU-VNTR PCR
screening. Deletion of the target region has been reported to
cause the failure of a commercial assay to detect Mycobacte-
rium tuberculosis DNA in sputum samples (28) and to cause
negative results when attempting to detect the mtp40 sequence
(plcA) by PCR (78). As a positive contribution, deletion pro-
filing has been used to type Mycobacterium tuberculosis com-
plex species (16, 35, 38) and also has shown the close relation-
ship between the Beijing and CAS lineages (7).

The role of PPE proteins in antigenic variation of Mycobac-
terium tuberculosis has been strongly suspected at least since
the publication of the whole-genome sequence of M. tubercu-
losis H37Rv (17). Whole-genome comparisons of fully se-
quenced strain H37Rv with fully sequenced strain H37Ra (81)
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and fully sequenced strain CDC 1551 (24) have shown that the
PPE gene family significantly contributes to the observed poly-
morphism. In three other whole-genome comparison studies,
technical issues related to methodology prevented informative
results on PPE gene family members (36, 54, 71). The 68-
member glycine-rich PPE (Pro-Pro-Glu motif) family was one
of the new families revealed in the first published analysis of
the complete genome of Mycobacterium tuberculosis H37Rv
(17). The ETR A locus (25) is found in the translated open
reading frame of the H37Rv Rv1917c gene coding for M.
tuberculosis Rv1917c mRNA (55, 79) and for the putative
PPE34 protein (17, 26, 55). Rv1917c has been assigned to the
major polymorphic tandem repeat (MPTR) subfamily (17, 26).
It has been suggested (26) that the PPE MPTR subfamily
originated from a duplication from ESAT-6 (esx) gene cluster
region 5. The ESAT-6 system is well-known for being deleted
from M. bovis BCG in the RD1 deletion, which is largely
responsible for the attenuation of BCG (12, 32). In addition,
this provides the basis for a commercial test employing se-
lected RD1 peptides for diagnosis of active tuberculosis (30).
Mycobacterial “core” genes (45) and the Rv1917c gene (26)
have been searched for in nontuberculous mycobacteria. Some
apparent homology to Rv1917c was found in Mycobacterium
asiaticum, Mycobacterium gordonae, Mycobacterium marinum,
and Mycobacterium ulcerans, but no detailed comparisons were
made to the M. tuberculosis Rv1917c gene (26).

Various PPE proteins have been shown to be immunogenic
(for example, PPE41 [reviewed in reference 1], PPE44 [11],
PPE55 [59], and PPE68 [20]), cell surface associated (for ex-
ample, recombinant PPE34 in Mycobacterium smegmatis [55]),
and secreted (for example, PPE41 [1]). Clusters of PE and PPE
genes of Mycobacterium tuberculosis have been reported to be
organized in operons (73). As already mentioned, PE (for
example, PE-PGRS33 [70]) and PPE (for example, putative
PPE34 [55]) proteins may be surface expressed and potentially
contribute a large amount of the antigenic variation that affects
immunity (17, 82). A recent paper reporting genome-wide
transcriptional profiling of chronic tuberculosis (69) did not
focus on the PE/PPE protein families. However, an earlier
paper summarizing whole-genome Mycobacterium tuberculosis
PE/PPE expression patterns under various environmental con-
ditions (79), reported that expression of the gene for PPE34
was repressed on day 14 of stationary phase.

Previous reports on the structure, location, antigenic poten-
tial, and function of PPE proteins and the proclivity of their
DNA coding regions to be associated with chromosomal dele-
tions suggest that it is likely that the Rv1917c putative PPE34
protein will be transmembrane, surface exposed, antigenic, and
functional. If further investigation shows this to be the case,
then the chromosomal deletions of ETR A in RD Rv1917c
could indicate that M. tuberculosis PETRA is under evolution-
ary pressure at PPE34. Such pressure could occur through
normal immune surveillance or host genetic variability in in-
nate immunity such as that recently documented for Toll-like
receptors (48) or perhaps variability in other receptors, such as
dectin-1 (72), or even other types of genetic variability (18).
The possible interaction between host genotype and M. tuber-
culosis genotype has been noted by the authors of a recent
article (44).

Conclusions. Culture-positive tuberculosis in Israel includes
two challenging groups of strains. These are (i) the multiple
drug resistance-associated Beijing family strains (unpublished
data), primarily from former Soviet Union countries, and (ii)
the PETRA MIRU-VNTR lineage (this paper): non-MDR
central Asian (CAS) spoligotype lineage M. tuberculosis, pri-
marily from sub-Saharan African countries, causing about 20%
of new cases of tuberculosis in Israel in 2008.

The genotypes associated with the 79 PETRA lineage strains
presented in this paper strengthen the conviction that there is
a large, ongoing spread (but not necessarily transmitted, in
whole or in part, in Israel) of tuberculosis caused by the
PETRA lineage.
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